Background: Anthrax toxin is the primary cause of pathology from exposure to anthrax spores. Results: Two linked single domain antibodies (VHHs), each neutralizing anthrax toxicity by different mechanisms, potently protect mice from anthrax spore challenge. Conclusion: Linked, toxin-neutralizing VHHs (VNAs) are highly effective anthrax antitoxin agents. Significance: VNAs offer excellent versatility in developing novel therapeutics for many toxin-mediated diseases.
Anthrax, the disease caused by the Gram-positive bacterium Bacillus anthracis, is a major bioterror concern. After introduction in spore form and germination, the bacterium divides and manifests disease and lethality primarily through the action of two toxins, lethal toxin (LT) 4 and edema toxin. These toxins have a common receptor binding component, protective antigen (PA) that is responsible for transport of the lethal factor metalloprotease (LF) or edema factor adenylate cyclase (EF) into the host cell cytosol. The injection of the toxins into animals can replicate symptoms of anthrax disease (for review see Refs. 1 and 2).
PA acts as the "gateway" that allows the translocation and action of both toxins. Full-length PA is an 83-kDa polypeptide (PA83) that is rapidly cleaved by cell surface proteases such as furin to a 63-kDa form (PA63). Only the PA63 form oligomerizes as heptamers or octamers that provide the binding sites for LF or EF. The oligomer bound to one or more molecules of LF/EF is then rapidly translocated into cells. When recombinant PA83 is intentionally cleaved before exposure to cells or purified as the PA63 polypeptide, it rapidly oligomerizes in solution, and the preformed oligomer can also bind and transport LF/EF into cells. The PA63 oligomer undergoes a conformational change in acidic endosomes to a heat and SDS-stable form that allows the translocation of LF and EF through a central pore into the cytosol. LF and EF can then act on their substrates and manifest toxic effects (for review, see Refs. 1 and 2).
During anthrax infection the accumulation of anthrax toxins in the blood leads to lethality. Because both toxins require PA for their action, this protein has been the primary target of therapeutics, including antibodies developed for treatment of anthrax (3) . The efficacy of the currently licensed anthrax vaccine depends on its induction of antibodies to PA (4) . The majority of neutralizing antibodies developed against PA act on the receptor binding domain (domain 4) to inhibit interaction of the toxin with cells. A few antibodies have also been identified that neutralize PA by other mechanisms (for review see Ref. 3) .
Camelid animals produce a heavy chain-only antibody from which the 14-kDa variable domains (called VHHs) are well expressed in bacteria as recombinant proteins that are unusually stable to pH and elevated temperatures (5, 6) . VHHs often target active sites that may be inaccessible to larger conventional antibodies (7, 8) and have proven to be effective as toxin neutralizing agents (9 -16) . We have found that linking two or more neutralizing VHHs recognizing non-overlapping epitopes into heteromultimers (VHH-based neutralizing agents (VNAs)) often provides major improvements in the in vivo protection from toxin exposure as compared with the unlinked component VHHs (11) (12) (13) 16) .
In this paper we report the identification of a panel of VHHs that recognize PA. Potent toxin-neutralizing VHHs were identified that recognize two non-overlapping epitopes. Characterization of the mechanisms by which these VHHs neutralize anthrax toxin reveals that one VHH class (represented by JIK-B8) binds to the well characterized neutralizing epitope through which PA (both PA83 and PA63 forms) binds to its receptor. A second neutralizing and unique VHH, JKH-C7, inhibits transition of the cell surface-generated PA63 oligomer from pre-pore to the acid and SDS-stable pore-forming conformation in endosomes by blocking endocytosis of cell surfacegenerated PA63. Linking JIK-B8 and JKH-C7 VHHs into a heterodimeric VNA resulted in an agent with an IC 50 of ϳ100 pM that proved highly effective in protecting mice from anthrax toxin or spore challenges. This VNA should offer new and costeffective therapeutic options for treating anthrax exposures.
EXPERIMENTAL PROCEDURES
Ethics Statement-All studies followed protocols approved by the Tufts University and NIAID Animal Care and Use Committees. Work with alpacas was done at Tufts under approved protocol Tufts University School of Veterinary Medicine IACUC #G2011-08. All mouse studies were performed at NIAID under approved protocols LPD8E and LPD9E.
Toxins and Spores-Endotoxin-free mutant PA proteins, wild type PA83, PA63, and LF were purified from B. anthracis as previously described (17) . The PA⌬⌬ is a mutant in which amino acids 162-167 and 304 -317 are deleted such that it cannot be cleaved by furin and accumulates on the cell surface (reported here). PAdFF is a mutant in which phenylalanine residues 313 and 314 have been deleted, making it unable to translocate LF and EF (18) . Concentrations of LT correspond to the concentration of each toxin component (i.e. 1 g/ml LT is 1 g/ml PA ϩ 1 g/ml LF). Spores of the non-encapsulated, toxigenic Sterne-like strain A35 (19) used to infect mice were prepared as previously described (20) .
Reagents-Rabbit anti-PA83 polyclonal serum #5308 was made in one of our laboratories as was the neutralizing anti-PA mouse monoclonal antibody (mAb) 14B7, which blocks binding of PA (both PA83 and PA63) to its cellular receptors (21) . Antibodies against the N terminus of MEK1 (Calbiochem), horse radish peroxidase (HRP)-conjugated and non-conjugated anti-E-tag polyclonal antibodies (Bethyl Laboratories, Montgomery, TX), and various IR-dye tagged secondary antibodies (Rockland Immunochemicals, Pottstown, PA) were purchased. The dye 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl tetrazolium bromide (MTT) was purchased from Sigma.
VHH-display Library Preparation from Immunized Alpacas-Three alpacas were immunized with PA83 (100 g) by five successive multi-site subcutaneous injections at 3-week intervals. For the first immunization, the adjuvant was alum/CpG, whereas subsequent immunizations used only alum. All alpacas achieved ELISA anti-PA titers of 1:1,000,000. Blood was obtained for lymphocyte preparation 7 days after the fifth immunization, and RNA was prepared using the RNeasy kit (Qiagen, Valencia, CA). Two VHH-display phage libraries were prepared as described previously (22, 23) except that the forward and reverse primers used to amplify the VHH coding region repertoire contained Not1 and Asc1 sites, which were used for ligation into the JSC vector for gene III phage display. The first library (JIG-2) was from peripheral blood lymphocytes of one immunized alpaca and contained ϳ1 ϫ 10 7 independent clones, whereas the second library (JKF-1) was generated from a pool of peripheral blood lymphocytes of the other two alpacas and contained ϳ3 ϫ 10 7 independent clones.
ELISAs-Purified VHH agents were serially diluted onto ELISA plates coated with 1 g/ml different PA proteins, incubated for 1 h at room temperature, washed, and then incubated 1 h with HRP-anti-E-tag. Bound HRP was detected using 3,3Ј,5,5Ј-tetramethylbenzidine (Sigma), and values were plotted as a function of the input VHH concentration. EC 50 values were calculated as the VHH concentration that produced a signal equal to 50% of the maximum signal.
Anti-PA VHH Identification and Preparation-Phage library panning, phage recovery, and clone fingerprinting were performed as previously described (11, 22, 23) with the following variations. The first panning process utilized the JIG-2 VHHdisplay library and employed purified PA83 or PA63 coated onto Nunc Immunotubes at 10 g/ml for the first low stringency pan and then 1 g/ml for the second high stringency pan. After two panning cycles, 70% of random clones selected on each target produced a signal Ͼ2ϫ background, and clones producing the strongest "bug supernatant" ELISA (12) signals on plates coated with 0.5 g/ml PA83 were fingerprinted. All VHHs panned on PA83 or PA63 recognized both PA83 and PA63. VHH coding sequences were determined for 24 clones displaying clearly unique fingerprints (12) . Sequence alignments revealed 11 distinct homology groups. Amino acid sequences of clones representing each group are shown in Fig.  1A . A second panning process using the JKF-1 library was per-formed as for the first panning but using only PA83 as the target. ϳ300 colonies were picked randomly and screened by bug supernatant ELISA on replica plates coated with either 1) 0.5 g/ml PA or 2) 3 g/ml 14B7 mAb (24) followed by 1 g/ml PA83. Screening on 14B7-captured PA83 was performed to block binding of VHHs recognizing the dominant epitope (C-group 1, Fig. 1B ) that was identified after the screening of the first library. ϳ70% of clones recognized PA83, whereas only ϳ20% recognized 14B7-captured PA83. Based on ELISA data and DNA fingerprinting, ϳ70 different VHH coding sequences were obtained. Their alignment permitted the identification of eight new homology groups not previously identified in the first screen (bottom 8 in Fig. 1, A and B) . At least one VHH from each homology group was selected for protein expression. Expression and purification of VHHs in Escherichia coli as recombinant thioredoxin fusion proteins containing hexahistidine were performed as previously described (23) . VHH heterodimers were engineered to be linked by a 15-amino acid flexible spacer ((GGGGS) 3 ). All VHHs were expressed with a C-terminal E-tag epitope. Competition ELISA analysis was performed as previously described with minor modifications (11) .
Affinity Analyses-Studies to assess the kinetic parameters of the VHHs were performed by surface plasmon resonance using either a ProteOn XPR36 Protein Interaction Array System (Bio-Rad; upper antibody set in Fig. 1B ) or a Biacore 3000 (GE Healthcare; lower antibody set in Fig. 1B ). In each case the VHH was immobilized to the chip (GLH for ProteOn, CM5 for Biacore) by amine coupling chemistry, involving sequential, 1) activation of the chip surface with a mixture of 1-ethyl-3-(3dimethylaminopropyl)carbodiimide (EDC) and sulfo-N-hydoxysuccinimide (sulfo-NHS), 2) injection of PA83 at pH 5 (sodium acetate buffer), and 3) deactivation with an ethanolamine injection.
For the ProteOn data set, a range of PA concentrations was passed over the chip surface at 100 l/min for 60 s, and dissociation was recorded for 600 or 1200 s. Running buffer for these studies was 10 mM Hepes, pH 7.4, 150 mM NaCl, 0.005% Tween 20. The surface was regenerated between runs with a 30-s injection of 50 mM HCl at 50 l/min. Data were evaluated with ProteOn Manager software (Version 3.1.0.6) using the Langmuir interaction model to obtain K D values. Reported values are the mean of at least four runs.
For the Biacore data set, VHHs were passed over the PA immobilized on the chip surface at 100 nM and 100 l/min for 60 s, and dissociation was recorded for 600 or 1200 s. Running buffer for these studies was 10 mM HEPES, pH 7.4, 150 mM NaCl, 0.005% Tween 20. The surface was regenerated between runs with a 30-s injection of 10 mM glycine, pH 3, at 50 l/min. Dissociation and association phases of each curve were fit separately using BIAevaluation software (GE Healthcare) using the 1:1 Langmuir model to obtain K D values. Reported values are the means of three runs. A series of four runs at 100 nM through 2 M JKO-B8 resulted in comparable K D values at each concentration. A negative control VHH (anti-EF) did not exhibit any binding to the PA-coated chip. JIK-B8 was run at the beginning and end of the series to provide a point of comparison to the ProteOn data set.
Toxicity and Neutralization Assays-RAW264.7 mouse macrophages were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum, 10 mM HEPES, and 50 g/ml gentamicin (all purchased from Invitrogen). For neutralization assays PA83 and LF (250 ng/ml) in serum-free Dulbecco's modified Eagle's medium) were incubated with various dilutions of antibody in 96-well plates for 1 h before the addition to RAW264.7 macrophages. Viability was assessed by MTT staining as previously described (25) , when Ͼ90% of toxin-treated controls were lysed as assessed by light microscopy. In certain experiments PA83 or PA63 (1 g/ml) were prebound to antibodies or were added to cells at 37°C or 4°C followed after 1 h by washing with serum-free DMEM at the same temperature and the addition of medium containing LF or antibodies prepared in LF (1 g/ml). Cells were then incubated at 37°C for 12-16 h. Viability was assessed after this period by MTT staining relative to untreated cell controls.
Cell Binding and Uptake Studies-Analyses of PA binding and oligomer formation were performed using CHO-WTP4 cells. Toxin or antibody prebound toxin were prepared in serum-free DMEM and bound to cells for 1 h before washing and lysis in radioimmune precipitation assay buffer as previously described (26) . In parallel experiments, trypsin (0.25% trypsin-EDTA, Invitrogen) was used to detach cells and strip cell surface proteins. Trypsin was inactivated by the addition of 50% fetal calf serum, cells were centrifuged (1000 rpm, 10 min), washed twice with PBS, and lysed in radioimmune precipitation assay buffer. Western blot analyses were performed as previously described with loading of equal amounts of cell lysate protein in each lane (26) .
Mouse Studies-For toxin challenge, Balb/cJ mice (female, 8 weeks old, The Jackson Laboratory, Bar Harbor, ME) were treated with antibody agents by the intravenous route at the doses (molar ratios relative to PA) and times indicated in figure legends. Mice were challenged with LT (45 g, intravenous) and monitored for 10 days for survival. For spore challenges, C57BL/6J mice (8 weeks old, female, The Jackson Laboratory) were challenged with the lethal dose of 2 ϫ 107 spores (subcutaneously, 200 l) before or after antibody administration (subcutaneously) at various doses or times as noted in figure legends.
RESULTS
Anthrax PA Binding VHHs-VHH-display phage libraries were prepared from three alpacas immunized with purified anthrax PA83. Two separate libraries were selected for clones binding to PA83 or, alternatively, to PA83 immobilized on mAb 14B7. The mAb 14B7 is a well characterized neutralizing mAb that binds to an immunodominant epitope through which PA binds to its receptor. A total of 19 "unique" VHHs (with apparently unrelated coding sequences) were identified ( Fig. 1A) .
Competition assays between the various VHHs and with 14B7 and 2D3 mAbs (which bind distinct regions of PA83 (24)) showed the identified VHHs fall into four distinct competition groups (C-groups designated in Fig. 1B ). Thus these antibodies likely bind to four non-overlapping epitopes on PA. Not surprisingly, 10 of 11 VHHs selected by binding to PA83-coated tubes (Fig. 1B , top half) competed with 14B7 ( Fig. 2A and C-group 1 in Fig. 1B ). Eight unique PA binding VHHs, including six new VHHs that bind PA83 at sites different than 14B7 ( Fig.  2A and C-groups 2, 3, and 4 in Fig. 1B) were subsequently selected by binding to 14B7-immobilized (and thereby blocked) PA ( Fig. 1B, second half) . Binding of one VHH (JIJ-B8) was not blocked by either 14B7 or 2D3 (data not shown), and binding of another (JKO-H2) was inhibited by both ( Fig. 2, A and B) . All VHHs were characterized for PA affinity by dilution ELISA (for EC 50 ) and by surface plasmon resonance (for K D ) ( Fig. 1B) . A selected VHH representative of each of the four epitope competition groups is shaded in Fig. 1B . These are JIK-B8 (C-group 1), JKH-D12 (C-group 2), JKH-C7 (C-group 3), and JKO-H2 (C-group 4).
Anthrax Toxin Neutralization-Cell-based anthrax toxin neutralization assays performed on all 19 unique VHHs showed potencies ranging from IC 50 of ϳ200 pM to no activity in an assay using PA at 1.25 nM ( Fig. 1B; representative assay with antibodies from each competition group shown in Fig. 2C ). VHHs recognizing the immunodominant PA domain (C-group 1) differed widely in their ability to neutralize the toxin, with 4 of 12 showing no neutralizing ability. This was not surprising as our mutagenesis studies (21) previously identified single amino acid substitutions in this region that substantially altered binding to the anthrax receptor. VHHs JIK-B8 and JKO-E12 of the C-group 1 class displayed the highest affinity and lowest IC 50 values, whereas only one VHH recognizing a second epitope (JKH-C7, C-group 3, Fig. 1B ) showed potent anthrax neutralizing activity (Fig. 2C) . VHHs recognizing C-groups 2 and 4 showed weak or undetectable toxin neutralizing activity (Fig.  2C ). VHH JKO-H2 (C-group 4) displayed no recognition of PA63, suggesting that furin cleavage either removes the epitope or alters it in a manner that it cannot be recognized.
Mechanisms of VHH-mediated Neutralization-To decipher the mechanism of neutralization by VHH JIK-B8 and JKH-C7, FIGURE 1. PA binding VHHs identified in this work. A, amino acid sequences of unique VHHs selected for binding to anthrax PA are shown. Sequences shown begin within framework 1 at the site of the primer binding employed in coding sequence DNA amplification from the immune alpaca cDNA (43) and continue through the end of framework 4. The parentheses at the end indicate whether the VHH contains a long hinge (lh) or a short hinge (sh). The three complementarity determining regions (CDR) are indicated at the top. B, table of the VHH names and binding properties. The first 11 VHHs were obtained by panning on PA83 bound to plastic, and the K D values for these VHHs were assessed by SPR-Proteon. The second group of nine VHHs were obtained by panning on 14B7-bound PA83 and the K D values assessed by SPR-Biacore. The K D for JIK-B8, obtained as an internal reference for SPR-Biacore group, was 1 Ϯ 0.7. EC 50 values were assessed by dilution ELISAs. IC 50 values were assessed by toxin neutralization assays on macrophages and competition groups (C-groups) by competition ELISA. N/A refers to antibodies that did not neutralize toxin and thus have no measurable IC 50 .
we first determined whether the antibodies, as expected, prevented LF entry into the cytoplasm. This was assessed by monitoring cleavage of the toxin MEK1 substrate in RAW264.7 macrophages. Both VHHs prevented cleavage of MEK1 (Fig. 3) . We next tested the effect of these VHHs on binding of PA83 to cells, cleavage of PA83 to PA63 by cell surface proteases, and formation of the SDS-and heat-stable PA63 oligomer. The stable oligomer forms only when PA63 is endocytosed through the receptor-mediated pathway and reaches an acidic intracellular endosome compartment (27, 28) . PA83 is not endocytosiscompetent, whereas PA63 is almost instantly recruited to lipid rafts and endocytosed (29) . JIK-B8, previously shown to bind the same epitope as mAb 14B7, blocked PA from cell binding (Fig. 4A) as expected.
JKH-C7 appeared to have a novel neutralizing mechanism. It did not prevent cleavage of PA83 to PA63 after binding of the toxin to cellular receptors, but no SDS-stable oligomer formed when PA83 was prebound to this VHH (Fig. 4A ). This result suggested that the antibody either prevents formation of the PA63 oligomer at the cell surface, inhibits endocytosis of the oligomer, or prevents endosomal conversion of the pre-pore to the SDS-stable pore.
To test if PA63 was trapped on the cell surface by the VHH, we performed cell surface proteolysis experiments. PA83 was bound and internalized for 60 min, and then cells were treated with trypsin in a manner that strips all PA63 and PA83 from the cell surface. Lysates of cells treated in this way contained only the internalized SDS-resistant oligomer (lane 4, Fig. 4B ). Under these conditions, the JKH-C7 antibody did not protect the PA63 from trypsin (lane 5, Fig. 4B ), indicating that it was at the cell surface. Furthermore, the toxin-bound VHH could be detected in cell lysates using an anti-E-tag antibody, and it was also fully susceptible to proteolysis. This indicated the PA63-VHH complex was not endocytosed. Interestingly, a PA mutant PA⌬⌬ (deleted for two loops: one containing the furin cleavage site in PA83 and the other a flexible loop required for translocation-competent oligomer formation) was also able to localize the VHH to cells, as indicated by its detection in lysates (lane 7, Fig. 4B ). This showed that these two loops were not part of the epitope recognized by this VHH. Surprisingly, we consistently found that the uncleaved mutant PA⌬⌬ toxin was partially protected from cell surface trypsin treatment, suggesting that this mutant has a trypsinresistant conformation or, alternatively, could be endocytosed as a monomer. However, the PA⌬⌬-associated VHH was susceptible to trypsin treatment (lane 9, Fig. 4B ), arguing against endocytosis of the complex. We concluded that JKH-C7 VHH, although incapable of impacting PA83 binding to cellular receptors or its cleavage to PA63, could prevent endocytosis of the cell surface-generated PA63.
PA63 produced in vitro by cleavage with trypsin or furin and purified by anion-exchange chromatography is strictly oligomeric. Incubation of this purified PA63 with the JKH-C7 antibody before binding to cells did not alter its uptake and conversion to SDS and heat-stable oligomers (Fig. 4C ). This suggested that the antibody recognizes full-length PA83 but not the preformed PA63 oligomer. Furthermore, even if bound to the oligomer, JKH-C7 is unable to prevent its endocytosis. This VHH bound equally well to a PA mutant, PAdFF, in which two phenylalanine residues required for oligomer formation are deleted (Fig. 4C ), but bound poorly to purified PA63 (Fig. 4 , C and D, E-tag reactive band). When purified PA63 was prebound to the VHH before exposure to cells and cell surface proteolysis experiments were performed, a substantial portion of the PA63 was protected from proteolysis. At the same time the small amount of JKH-C7 at the cell surface was for the shown amounts of time or were first preincubated with 1 g/ml VHHs for 30 min before the addition to cells for the indicated times. Cell lysates were subjected to Western blotting with an antibody that reacts to the MEK-1 N-terminal epitope that is lost after cleavage by LF. Western blots are representative of at least two separate experiments. FIGURE 4. JKH-C7 does not prevent PA binding or cleavage and inhibits oligomer endocytosis. Various PA83, mutant PA proteins, or PA63 (1 g/ml) were preincubated with antibodies (VHH:toxin, 4:1) in serum-free DMEM for 30 min to 1 h before the addition to CHO WTP4 cells for 60 min. Cells were either lysed directly in radioimmune precipitation assay buffer without trypsinization or trypsinized as described under "Experimental Procedures" to remove all cell surface proteins before lysis. Western blotting was performed with anti-PA polyclonal (1:5000), and in B-E, the blots were re-probed with goat anti-E-tag antibody (1:1000) to detect the JKH-C7 VHH in or on cells. IR-dye-conjugated secondary antibodies of different wavelengths were used to detect the PA and anti-E-tag antibodies in panels B and D where the re-probed section of the blot is shown as a separate panel. In panels C and E a single wavelength IR-dye secondary was used for detection of both primary antibodies, and the whole re-probed blot is shown. In panel A both a color and black and white image for the same blot probed with a single IR-dye secondary is shown for better identification of oligomer and lanes. CR stands for "cross-reactive" band, which serves as a nonspecific equal loading control. Western blots are representative of at least two separate experiments.
completely trypsinized (Fig. 4E ). Therefore, a larger portion of the purified PA63 monomers were endocytosed to a protected compartment in a manner not impacted by JKH-C7. We conclude that this VHH is a novel PA neutralizing antibody that binds to PA83 at a site independent of the furin cleavage site and inhibits cell surface-generated PA63 from endocytosis by the normal pathway that allows formation of stable oligomers. The antibody is less able, however, to prevent endocytosis of preformed PA63 oligomers.
We next wanted to test the functional ability of the antibody to block neutralization when PA83 or PA63 was prebound to cells before exposure to the antibody. When JKH-C7 was prebound to PA83 and then added to cells in the presence of LF, it was fully protective to the same level as the receptor blocker, JIK-B8. When PA83 was prebound to cells at 4°C (without processing to PA63) and the VHH was added followed by a shift to 37°C in media containing LF, there was only a 20 -30% increase in cell viability (relative to controls in the same experiments that were not exposed to the antibody). This indicated that JKH-C7 was not as effective in binding to its epitope and targeting toxin endocytosis/ oligomerization for receptor-bound PA83 compared with as yet unbound PA83 (Fig. 5A, left bars) . Furthermore, when PA63 was utilized in these neutralization assays, the JKH-C7 was ineffective in protection both if the PA63 was prebound to cells at 4°C or if the PA63 was exposed to antibody before cells (Fig. 5A, right bars) . This indicated that PA63 (or its oligomer) does not have the epitope for this antibody present. Not surprisingly, JIK-B8 was also unable to provide protection if PA83 or PA63 was prebound to cells, although a slight (20%) protective effect was consistently seen with PA83.
These results suggested that the epitope for JKH-C7 likely required full-length folded PA83 and was somehow eliminated in cell-bound PA63 or blocked in the preformed PA63 oligomers. Early observations that showed poor binding of JKH-C7 to plastic-immobilized PA83 suggested recognition of a conformation-dependent epitope. However, when used as a primary antibody in denaturing Westerns, JKH-C7 detected purified SDS-denatured PA83 and PA63 and was weakly reactive toward the PA63 oligomer (Fig. 5B ). This suggests that the epitope, if dependent on conformation, is one that can renature after SDS treatment.
Heterodimeric VNAs Protect against Anthrax Toxin and Spore Infection in Mice-Linking toxin-neutralizing VHHs into heteromultimeric VNAs has been found to improve toxin affinity and, more importantly, to substantially improve in vivo antitoxin efficacy (11) (12) (13) 16) . A heterodimeric VNA (VNA2-PA) consisting of the two potent neutralizing VHHs, JIK-B8 and JKH-C7, separated by a short unstructured peptide, was expressed and purified (amino acid sequence shown in Fig. 6A ) and found to be potent in neutralizing toxin activity (Fig. 2C ). VNA2-PA was then compared with monomeric VHHs for the ability to protect mice from anthrax toxin. The toxin dose administered by the intravenous route was between 1 and 2 LD100 (lethal dose 100%) (45 g of LT) for the Balb/cJ strain. Treatment doses were selected so as to test efficacy at various molar ratios of agent to toxin. Heterodimeric VNAs each bind at two separate sites on each toxin, so a dose that can fully occupy both binding sites must be a 2:1 molar ratio agent:toxin. Neither monomer VHH was able to protect mice or provide any beneficial effect at a 1:1 molar ratio to toxin, whereas VNA2-PA was highly protective when used at this ratio (Fig. 6B) . Thus VNA2-PA was able to shift the time to death significantly even at submolar ratios to toxin. Importantly, the heterodimer also performed better than a pool of the two VHHs used with toxin in a 1:1:1 ratio with toxin, providing evidence of the improved in vivo efficacy of the heterodimer form (Fig.  6B) . Surprisingly, VNA2-PA treatment 2 h post-toxin administration was also highly protective (Fig. 6B ). This finding was unexpected in light of the fact that the bulk of PA has been shown to be cleaved to PA63 and removed from circulation by 2 h after a similar bolus administration (30) . This suggests that a significant amount of active PA not measurable in circulation (plasma) may remain accessible to FIGURE 5 . JKH-C7 does not inhibit preformed PA63 oligomer function. A, in columns 1-5 and 9 -13, PA83 or PA63 (1 g/ml) with or without LF (1 g/ml) were incubated with VHH (4:1 VHH:toxin) or with medium (columns 1 and 9) for 1 h before the addition to cells. If LF was not present initially, it was present on cells (1 g/ml) when the antibody-bound PA83 of PA63 was added. Cells were washed after 1 h of toxin binding and incubated overnight in complete medium before viability testing. In parallel plates, the PA83 or PA63 (1 g/ml) was first bound to cells on ice for 1 h and washed with cold medium before the addition of the first VHH, transfer to 37°C, and then LF in same amounts described above. Cells stayed at 37°C for overnight incubation followed by viability assessment. The viability was calculated relative to untreated controls. Data presented in this graph are a representative experiment in which each column is the average of three replicate wells. B, purified PA63 or PA83 were boiled in SDS-loading buffer before SDS-PAGE and Western blotting in a triple sandwich using JKH-C7 as primary antibody, the goat anti-E-tag antibody as a secondary antibody and an IRDye-conjugated anti-goat antibody to detect the E-tag antibody. Western blots are representative of at least two separate experiments.
antibody at crucial tissue sites. A second VHH heterodimer (VNA1-PA), incorporating the neutralizing JIK-B8 VHH with a non-neutralizing VHH (JIJ-B8), failed to provide any protection when administered 1:1 but was fully protective in this assay when provided at a 2-fold molar excess (Fig. 6, C  and D) . FIGURE 6 . VNA amino acid sequence and antitoxin protection in animal models. A, VNA2-PA translation product sequence. Shown is the protein sequence of the entire VNA2-PA translation product expressed in E. coli. The VNA contains an N-terminal thioredoxin fusion partner and hexahistidine encoded by the pET32b expression vector. The VHH sequences are flanked by two E-tag peptides (underlined) and separated by an unstructured spacer ((GGGGS) 3 ). A 14-amino acid albumin binding peptide (ABP), DICLPRWGCLEWED (36) , is at the carboxyl end, separated from the second E-tag by a GGGGS spacer. For clarity, the eight defined protein segments are separated by slashed (///). B, Balb/cJ mice (n ϭ 5/group, except PBS control group, n ϭ 10) were injected intravenous with antibody at the indicated molar ratios (Ab:toxin) 10 min before injection with LT (45 g for each toxin component, intravenous) except a single group marked (POST) that received antibody 2 h after toxin was administered. Control groups received PBS instead of antibody. Animals were monitored for 10 days post-intoxication for signs of malaise and survival. C, protein sequence of the entire VNA1-PA translation product with same specifications described in panel A. This VNA is a heterodimer of the neutralizing VHH JIK-B8 and the high affinity non-neutralizing antibody JIJ-B8. D, Balb/cJ mice were injected intravenously with antibody at the indicated molar ratios (Ab:toxin) 10 min before injection with LT (45 g for each toxin component, intravenous). Control groups received PBS instead of antibody. Animals were monitored for 10 days post infection for signs of malaise and survival. E, C57BL/6J mice (n ϭ 5/group, except PBS controls, n ϭ 15) were treated with heterodimeric VNA2-PA (subcutaneously) at the indicated times and doses before or after spore infection (2 ϫ 10 7 spores, also subcutaneously at the distal site). Control mice were treated with PBS at 15 min, 1 h, and 4 h post infection (n ϭ 5) or at 5 min (n ϭ 5) and 8 h (n ϭ 5) post infection. Neutralizing mAb 14B7 was used as a positive control in these studies. Mice were monitored for survival and signs of malaise for 10 days.
VNA2-PA was also tested alongside 14B7 in protection of C57BL/6J mice against infection with a one LD100 (lethal dose 100%) dose of the A35 Sterne-like toxigenic B. anthracis strain. Antibody provided 15 min before subcutaneous spore infection or 3 times at 15, 60, and 240 min post-infection was also fully protective ( Fig. 6E ). No protection was provided when antibody was administered 20 -24 h post-toxin (data not shown). The latter result was expected as our previous studies have shown that the survival of the un-encapsulated A35 strain in subcutaneous administrations depends on the disabling of the myeloid cells of the host innate immune system through production of toxins early in infection (31) .
A single administration of the VNA2-PA antibody at the lower dose of 30 g at 4 h post infection resulted in survival of 2/5 mice. Mice treated with this dose of 14B7 did not survive, likely because only one-third the number of antibody molecules was present compared with VNA2-PA. Increasing the time gap between spore infection and antibody administration to 8 h resulted in a complete loss of protection unless antibody was increased to a much higher dose of 250 g, where a surprising full protection was observed ( Fig. 6E ).
DISCUSSION
Anthrax is a toxigenic disease that can rapidly progress to result in lethality for the host if left untreated. The bioterrorist attacks utilizing B. anthracis spores highlighted the need for cost-effective treatments that could be produced on a large scale if necessary. Almost all the therapeutics developed against the disease focus on the anthrax toxins, which have been demonstrated to be the primary virulence determinants. In this work we hypothesized that a novel recombinant antitoxin agent consisting of a heterodimer of two distinct toxin-neutralizing, camelid anti-anthrax PA heavy chain VHH binding domains would serve as an effective therapeutic for anthrax exposure. This hypothesis was based on our earlier findings of unusually high in vivo antitoxin potency achieved for Clostridium botulinum neurotoxins (11), ricin (13), Shiga toxins (12) , and Clostridium difficile (16) toxins using heteromultimers of toxinneutralizing VHHs called VNAs.
A number of conventional mAbs have been produced against the PA receptor binding component of the tripartite toxin that neutralizes anthrax in cell-based assays and is shown to provide protection in animal models (for review, see Ref. 3 ). Most antibodies target the same receptor binding epitope of the toxin and differ only in their affinities and clearance rates. The novel VHH-based VNA reported here consists of two anti-toxin VHHs targeting independent epitopes of PA and inhibits toxin functions at two different steps. The agent proved as effective in protecting against anthrax toxin and spore challenges in a mouse model as the well characterized neutralizing 14B7 mAb. 14B7 acts at the same epitope as the approved human anti-PA mAb, raxibacumab (Abthrax).
VHHs, the components of VNAs, have numerous potential commercial and therapeutic advantages over mAb products (for review, see Refs. 32 and 6). We have found that VHH heteromultimer VNAs possess additional potential therapeutic advantages over conventional mAb products such as 1) the option to co-administer an anti-tag effector antibody that binds multiple tags on the VNAs (11, 13) to promote antibody Fc effector functions such as serum clearance (33) , 2) the ability to target multiple toxins with one biomolecule (12, 16) , and 3) the use of VNA gene therapy as an effective means to provide prolonged antitoxin protection (34, 35) . Simple addition of an albumin binding peptide (34, 36) can dramatically improve the serum stability of VNAs (34) . Because VHHs can be obtained from preexisting libraries (37) and then affinity-matured for improved properties (38, 39) , new antitoxins can be rapidly developed as treatments for emerging threat agents. VHHs are known to be poorly immunogenic (5) , and immunogenicity can by reduced further by introducing targeted mutations (40) .
The novel neutralization mechanism for one of the VHHs in the VNA2-PA, JKH-C7, has some similarities to anti-PA antibodies AVP-21D9 and AVP22G12, which inhibit PA oligomer formation (41) . The difference is that these antibodies prevent PA63 oligomer formation in solution, whereas the VHH primarily acts when bound to PA83 and does not disrupt preformed PA63 oligomers. Similar to those antibodies, the JKH-C7 VHH does not prevent binding of PA83 to its cellular receptor and does not impact the cleavage of PA83 to PA63 by cellular furin, but it does prevent endocytosis of the cell-bound PA63. It binds equally well to a toxin mutant in which the furin loop has been deleted, indicating an epitope independent of the receptor binding domain or cleavage domain. The antibody is not effective against preformed PA63 oligomers or cell-bound PA63, suggesting an epitope that requires full-length PA83 for neutralizing efficacy or an epitope on a PA63 surface involved in monomer-monomer association.
The antitoxin strategy reported here, which uses VNAs consisting of two or more linked, toxin-neutralizing VHHs recognizing non-overlapping epitopes on PA, is a novel approach to treating toxin exposures. Although linking VHHs together increases the total contact area with toxin target and thus binding avidity, we find that VNAs with two or more toxin-neutralizing VHHs, such as VNA2-PA, often increase in vivo antitoxin efficacy beyond that which can be explained by improved avidity (11, 13) . 5 This is highlighted by the comparison with VNA1-PA ( Fig. 6 , C and D) in which only one of the two VHHs is toxin-neutralizing. This VNA displays very similar EC 50 and IC 50 properties but is significantly less effective in mouse anthrax challenge models. A likely explanation is that VNA2-PA targets two different steps in the toxin action on cells. First, one arm of the VNA prevents binding of PA to cellular receptors (Fig. 7) . Although this is typically sufficient to neutralize toxin, the preformed PA63 oligomer requires binding of multiple antibodies to efficiently prevent cell binding, as evidenced by the inability of JIK-B8 to completely stop the oligomer's association with cells (Fig. 4E) . The second arm of the VNA prevents oligomerization and endocytosis that converts the pre-pore to SDS-stable pore (Fig. 7) .
Another benefit of VNAs, which target two distinct sites on the toxin, is the reduced likelihood of toxin mutants arising that can escape the antitoxin activity. Escape mutants may be even less likely in the case of VNA2-PA due to the JKH-C7 VHH component that neutralizes anthrax via an apparently complex mechanism clearly distinct from simple inhibition of receptor binding. The bulk of anti-PA neutralizing antibodies target the same receptor binding epitope that the JIK-B8 arm of VNA2-PA targets, and the receptor binding epitope can be destroyed by genetic manipulation of the PA antigen to eliminate reactivity with these neutralizing antibodies (21) . The VNA2-PA antibody described in this work offers an alternative therapeutic in which the epitope for both arms is unlikely to be disrupted without impact on PA function.
VNA2-PA or similar VNAs should permit a variety of new options for prevention and treatment of anthrax intoxication. Studies presented here demonstrate that this VNA protects mice from toxin or anthrax spore challenge with similar or improved efficacy compared with a conventional mAb antitoxin product. Future directions will include testing the use of gene therapy to promote long term serum expression of antitoxin VNA to prophylactically prevent intoxication of individuals at high risk of exposure using an approach successfully applied in mice for botulism (34) and in pigs for Shiga toxinproducing E. coli infection (35) . Gene therapy could include co-expression of VNA and effector antibody for enhanced potency (11) (12) (13) , and potentially the gene delivery vehicle could selectively target the pulmonary system (42) for improved efficacy from aerosol exposures. Because VHHs are highly stable proteins, it should be possible to administer VNAs by aerosol or nasal routes of administration for more rapid and targeted treatment of anthrax exposures.
